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Abstract
Practical electrochemical carbon dioxide (CO2) reduction requires the development of 
selective and stable catalysts based on low-cost and Earth-abundant materials. In this 
work, we develop catalysts for CO2 conversion to CO based on ZnO with various 
morphologies, including nanoparticles, nanorods, nanosheets, and random shapes. We 
found that ZnO nanorods exhibit the highest CO2 to CO efficiency, with a high CO 
Faradaic efficiency (FE) of over 80% in a current density range of 50-160 mA cm2 in 
both flow-cell and membrane electrode assembly (MEA) reactors. We found that the 
CO selectivity of ZnO-based catalysts slowly decreased over time at high current 
densities due to depletion of the ZnO phase. We have developed an in-situ regeneration 
strategy for catalysts that involves periodic oxidations of the catalysts during 
electrochemical CO2 reduction. Using this approach, we have demonstrated the 
conversion of CO2 to CO with a stable CO FE above 80% for 100 hours at a current 
density of 160 mA cm-2.

Keywords: Zinc Oxide, nanomaterials, membrane-electrode-assembly, 
electrochemical CO2 reduction, in-situ regeneration, CO2-to-CO. 

Introduction
The electrochemical carbon dioxide (CO2) reduction reaction (ECR), powered by 
renewable energy sources, such as wind and solar, offers a compelling route for the use 
of CO2 as a sustainable feedstock for the production of fuels and chemicals. 1–3 
Significant advances in the fundamental understanding of ECR 4–6 and demonstration 
of its potential application have been achieved in the last decade. 7 Recent techno-
economic studies have highlighted the importance of achieving high current densities 
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(i.e., hundreds of mA cm-2) for the ECR to be economically feasible. 8–11 Moreover, the 
catalyst is responsible for a major part of the total ECR overpotential 12, dictating the 
importance of developing an efficient cathode Gas Diffusion Electrodes (GDE) for 
ECR. The catalyst efficiency should be evaluated in equal terms of performance and 
stability since the latter introduces a significant techno-economical aspect for ECR 
application. 13

The ECR can produce a variety of products, depending on the type of catalyst used. 14,15 
Among the possible products, CO and HCOO- are the simplest and have a high potential 
economic value compared with other products. 16, 10 In particular, CO appears to be a 
promising product because it can be used as a valuable industrial intermediate to 
produce other chemicals, such as methanol and synthetic fuels. 17, 18 Several 
electrocatalysts are known to have high efficiency in the formation of CO. However, 
they are mainly based on expensive noble metals such as Au, Ag, and Pd. 19–21

Among non-noble metal catalysts, Zinc (Zn) has been demonstrated as an effective 
catalyst for CO2 reduction to CO. Many studies have been focusing on improving the 
efficiency of Zn-based catalysts by altering its morphology 22–24, controlling its 
oxidation state 25 or doping. 26 Luo et.al. 27 demonstrated a high-performance Zn-
cathode by creating an active Zn-foam, exploiting its high surface-area. The oxide-
derived Zn (OD-Zn) emerged as a catalytically active material, owning to its increased 
active surface area and grain-boundaries concentration. 28, 29 Apart from its pristine 
metallic form, Zn exhibited remarkable ECR performance in sulphide 30 (ZnS2) and 
oxide 31 (ZnO) structures. The latter has attracted further interest not only for its ECR 
performance but also for its ability to act as an active catalyst substrate for various 
(catalytically active) d-block metals. 32 

While much research has been devoted to improving the performance of such Zn-based 
catalysts, most of these studies performed ECR in aqueous (H-cell) systems where the 
current densities are limited to below 50 mA cm-2. 23 Recently, ZnO has been also 
employed as an electrocatalyst for the CO2-to-CO conversion 33 exhibiting promising 
ECR performance, owing to its crystalline structure and nature of active sites. 30 Further 
information on the ZnO activity was provided by the work of Zong et.al. 35, identifying 
the oxygen-vacancies, in the ZnO structure, to be responsible for enhancing the ECR 
activity of this material.  Nonetheless, only a handful of works demonstrated the 
performance of ZnO catalysts at industrially relevant current densities (>150 mA cm-2) 
36, 27,35, while omitting any reference to catalyst stability at high current densities. 
Previous works on Zn-based catalysts suggested that these materials exhibit limited 
stability for current density above 80 mA cm-2. 27    

In this work, we developed selective and stable ZnO-based catalysts for CO2 reduction 
to CO. ZnO nanoparticles were synthesized with different morphologies, including 
nanorods (NR), nanosheets (NS), nanoparticles (NP), and random shapes (RS).The 
performance of ZnO catalysts was evaluated using both flow-cell and membrane 
electrode assembly (MEA) electrolyzers which allow high current density operation. 
We found that ZnO NR shows high CO Faradaic efficiency of over 80% at a current 
density higher than 160 mA cm-2

 in both cell configurations. In the MEA cell, the ZnO 
NR maintained high CO selectivity for 10 hours before it began to decrease due to ZnO 
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phase depletion. To extend the operation time, we developed an in-situ catalyst 
regeneration in which the ZnO oxide phase was regenerated periodically. Using this 
approach, we demonstrated ZnO catalysts that maintained a high CO FE of over 80% 
for more than 100 hours at 160 mA cm-2 in the MEA cell.

Experimental Section
Materials and Chemicals 

Chemical and materials: zinc nitrate hexahydrate (Zn(NO3)2 6H2O, 99.99%), potassium 
hydroxide (KOH, 99%), zinc acetate (Zn(OCH3)2, 99.99%), ethanol (anhydrous), 
sodium perchlorate (NaClO4, 99.999%) were purchased from Sigma-Aldrich and used 
without further purification. Urea (CH4N2O, 99.99%), Iridium/Iridium (III) Oxide 
nano-powder (IrOx, nanopowder 99.99%), silver nanopowder (99.99%, 20-40 nm) were 
purchased from Alfa-Aesar and used without any purification. Demineralised (MiliQ) 
water. Carbon Paper (Sigracet B22), titanium fibres porous transport layer (Ti-PTL, 
500 μm thickness), Nafion (5 % wt/wt, alcohol based), Ni-foam (500 μm thickness) and 
Carbon Black (Cabot Vulcan XC-72) were purchased from Fuel-Cell Store. Sustainion 
Membrane (X37-50 grade RT) was purchased from Dioxide Materials. 

Synthesis of the catalysts 

ZnO catalyst with different particle morphologies were synthesised using wet-chemical 
techniques. 

ZnO nanoparticles (NP). A 50 ml solution of 0.2 M Zn(NO3)2  (99.99%) was prepared. 
To that solution, 50 ml of 0.4 M KOH was added dropwise, under a stirring condition 
until the end of the process. The precipitant was collected via centrifugation and washed 
3 times with water (MilliQ) and 1 time with ethanol. The obtained product was dried 
overnight (70 oC) and calcined for 3 h at 500 oC, to form the crystalline phase of ZnO. 
The ZnO with random shape (RS) was prepared using a similar procedure except the 
addition of 50 ml of 1 M KOH instead of 0.4 M KOH. 66 

ZnO nanosheets (NS). Typically, 50 ml of 0.2 M zinc acetate (Zn(OCH3)2, 99.99% 
Sigma-Aldrich) were added dropwise in a 50 ml solution of 0.4 M urea (CH4N2O). The 
mixture was then refluxed at 90 oC for 2 h. The precipitant was washed collected and 
washed 3 times with water and 1 time with ethanol. The obtained product was dried 
overnight (70 oC) and afterwards calcined for 2 h at 400 oC, to form the crystalline 
phase of ZnO in the nanosheet morphology. 37

ZnO nanorods (NR). In a typical synthesis, 0.89 g of Zn(NO3) and 0.54 g of urea 
(CH4N2O) were dissolved in 100 ml mixture of water and ethanol (80 ml/20 ml). To 
this mixture, 0.1 M of HNO3 was added, until the pH was adjusted among 2.0-3.0. The 
resulting solution was boiled and refluxed for 8 h in a round-bottom flask. The resulting 
precipitant was collected and washed 3 times with water and 1 time with ethanol. The 
powder was dried overnight (70 oC). High temperature calcination is not needed since 
the allotrope powder is already crystalline. 67
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Electrode fabrication

Gas diffusion electrodes (GDEs) were prepared on a Sigracet (22B) carbon paper with 
microporous layer using an automatic spray coating machine (Sono-Tek, ExactaCoat). 
The ink was composed of 120 mg of catalyst powder, 30 mg of carbon black, 12 ml of 
isopropanol, 7.5 ml of water (Milli-Q), and 158.3 μl of Nafion solution (5% wt/wt). The 
ink was put under Ultra-Turex (33.000 rpm) for 5 min and following into a sonication 
bath for 60 min. The same ink recipe (content of solids and solvents ratio) was used 
also for the preparation of the Ag-GDE. The Ag-GDEs were fabricated using 
commercial Ag nano-powder and loading of 1 mg cm-2. After preparation, all the 
different GDEs prepared were dried at 70 oC for 3 h. This heat treatment aims to 
evaporate the residual surfactants from the ionomer suspension and the dispersive 
media. 

For the MEA anode, a Ti fibre-mesh was used as the PTL (porous transport layer). The 
original Ti-PTL was etched in concentrated boiling HCl (1 M), in order to break-down 
the initial passivating TiOx layer. The etched PTL was sprayed with IrOx nanoparticles 
(Alfa-Aesar) to form the anode catalyst layer. The ink composition used for the anode 
was: 40 mg of IrOx and 10 mg of Nafion Ionomer (in ethanolic 5% w/w solution) were 
dispersed in 5 ml methanol. The loading of IrOx was 2mg cm-2. 

Electrochemical measurements

Electrochemical experiments were performed in a flow-cell (Electro-Cell) with an 
active area of 1 cm2. The reference electrode was Ag/AgCl and the applied potentials 
were related with an RHE using the equation: ERHE = EAg/AgCl + 0.059PH + 0.1976. The 
electrolyte used was 1 M KOH with a flow rate of 4.6 ml min-1, while the CO2 was 
fluxed at 16 sccm. The electrochemical performance was evaluated from the 
polarization curve of the material in the potential window of -0.4 V to -1.2 V (vs RHE). 
In the flow cell, the counter electrode was Ni-foam. For each point of the polarization 
curve, the GDE was potentiostatically run for 25 min. 

Electro-Chemical-Surface-Area (ECSA) was estimated in an H-cell with 0.1 M NaClO4 
(Ar saturated) as electrolyte, using an Ag/AgCl reference electrode and a Pt wire as a 
counter electrode and the ECR catalysts deposited over the carbon paper. This 
electrolyte was used in order to minimize any ion characteristic adsorption and be able 
to eliminate the effect of the carbon paper (substrate). 68. The ECSA was measured after 
the catalyst-layer activation, with scan rates among 7.5-100 mV sec-1. the measure of 
the ECSA was estimated through the double-layer capacitance (Cdl), since the nature 
of the catalyst and the consistency of the GDE remained the same. The survey CVs 
were obtained from -0.2 to 0.2 V (vs Ag/AgCl), while the potential window selected 
for the Cdl calculation was –0.1 to 0.1 V (vs Ag/AgCl). For the Tafel-Slopes and the 
Potentiostatic-Impedance-Spectroscopy (PEIS), the electrolyte used was 1 M KOH, 
and were measured in the Flow-Cell set-up at a low current range of 5 - 18mA cm-2. To 
achieve high accuracy for CO product analysis during the Tafel-Slopes analysis, we 
used low flow-rate of CO2 reactant (18 sccm). The PEIS was measured at the onset-
potential of each catalyst. All electrochemical experiments were controlled through an 
AUTOLAB potentiostat coupled with Nova software. 
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For the measurements of CO2 reduction in MEA configuration, a customized cell with 
an active area of 2 cm2 (1x2 cm2) The anode was IrOx/Ti-PTL while the anolyte was 
0.1 M KHCO3. Sustainion AEM (X37-50 RT) membrane with a thickness of ~ 50 
microns was used. The CO2 (30 sccm) was humidified at room temperature before 
entering the cell. The PTFE gasket used, had 400 μm thickness and the cell was 
assembled by applying 2 Nm torque. The cathode materials were our ZnO-based 
catalysts and the commercial Ag-NP for as comparison media. The catalyst layer of the 
anode and the cathode were facing the AEM membrane during the assembly of the cell. 
The polarization curve was produced by leaving the cell running for 25 min at fixed 
current. During this time the average necessary voltage to maintain this current was 
assed and the products were collected after 20 minutes.

For both flow-cell and MEA reactor, the CO2 reduction products were analysed using 
an in-line gas chromatography (PerkinElmer) coupled with a thermal conductivity 
detector (TCD) and a flame ionization detector (FID). Argon gas (99.999%) was used 
as carrier gas. 

Characterisation

The crystalline phase of the pristine ZnO and the prepared GDEs were characterized by 
X-ray diffraction (XRD) using CuKα radiation in the 2θ range from 25 to 100 °, 
employing a Shimadzu XRD-6000 diffractometer. 

The surface compositions of the prepared catalysts were analysed using X-ray photo-
electron spectroscopy (XPS) (Phi5000 VersaProbeII, ULVAC-Phi Inc., USA). The 
radiation source was Al K-alpha, monochromatic (1.486 keV) with X-ray setting: 50W, 
15kV, 200μm spot. The survey spectra were obtained applying 187.5 eV pass energy, 
0.8 eV step, 100 ms/step and the detailed spectra by applying 23.5 eV pass energy, 0.1 
eV step, 100 ms/step.

The morphology of the catalyst powders and the GDEs was observed with scanning 
electron microscope (SEM). For this purpose, the Zeiss 1550 VP Scanning Electron 
Microscope was used with a Gemini column, up to 30keV.

The inherent hydrophobicity of the catalyst layer was assessed with Kruss DSA25 Drop 
Shape Analyzer. For the measurement 10 μl of MilliQ water were dropped on the 
catalyst layer. The measurement of the contact angle was done under static conditions 
(Cassie-Baxter).  

Results and discussion

Catalyst synthesis and Characterisations 

Scanning electron microscopy (SEM) was used to investigate the morphologies of the 
prepared catalysts (Figure 1A-D) and confirm the successful synthesis of ZnO 
allotropes with different morphologies. The wet-chemical synthetic approach leads to 
the formation of ZnO with morphologies of nanoparticles (NP, Figure 1A), random-
shape (RS, Figure 1B), nanosheets (NS, Figure 1C), and nanorods (NR, Figure 1D). 
The NR exhibits a small diameter (80 nm) and a large aspect ratio (20:1, length: 
diameter), and the NS exhibits an average thickness of 20 nm. The NP exhibits small 
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diameter (of 20 nm), while the RS is formed in larger agglomerates (Figure S1). The 
X-ray diffraction results (XRD, Figure 1 E) reveal a well-defined crystallographic 
pattern that can be indexed to ZnO hexagonal wurtzite structure (JCPDS #75-576), 
without impurities, for all samples. As observed in Figure 1E, the XRD pattern of NS 
exhibits broader peaks compared to those of other allotropes. This characteristic is 
attributed to the 2D morphology of the NSs, as explained also by Scherer’s equation 
and observed in other studies. 37, 38, 39  

Figure 1: SEM and XRD characterisation of the synthesised ZnO-based catalyst 
materials. A.) SEM image of ZnO-NP, B.) SEM image of ZnO-RS, C.) SEM image of 
ZnO-NS, D.) SEM image of ZnO-NR, E.) XRD diffractogram of all the ZnO powders 
with different morphology.

X-ray photoelectron spectroscopy (XPS) was used to study the chemical state of the 
ZnO catalysts at the surface (Figure 2). All survey XPS spectra (Figure 2A) show 
characteristic peaks in the binding energy range of 1200-100 eV, confirming the 
presence of Zn and O and the absence of impurities. Additional peaks (KLMM, K2s, 
K2p) observed in the spectrum of ZnO NP, are due to the presence of potassium left-
over from the synthesis.  Quantification of the elemental composition reveals 
differences in the amount of Zn and O atoms on the surface of each allotrope (Figure 
2A). The ZnO NR presents the highest ratio of Zn:O (1.24:1), while the Zn:O ratio in 
the NS is calculates at 1.2:1. These two allotropes exhibit the highest percentage of Zn-
atoms on their surface in comparison with the rest of the materials. The difference at 
the surface ratio of Zn:O can be attributed the lattice vacancies, O-defects and O-
vacancies, different for each allotrope material. 40,41 Therefore, it can be concluded that 
the ZnO-NR presents more O-vacancies than the other ZnO-based catalysts. 35 The 
high-resolution spectra (Figure 2B) for Zn (Zn2p3) also show differences in the binding 
energies of the characteristic Zn peaks. A difference of 0.7 eV in the position of the Zn-
peaks can be observed among our materials, which can be attributed to the distinct 
difference in morphology, crystallinity, and oxygen-vacancies in the materials’ lattice, 
as observed in previous studies. 24,35,42–44 The high-resolution O1s XPS spectra of all 
allotropes show two deconvoluted peaks at 530 eV and 531.6 eV, which are attributed 
to the lattice oxygen and oxygen in the form of surface hydroxy (OH), respectively. 
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The deconvolution of the O-1s peaks, reveals different ratio between lattice oxygen and 
surface –OH. From the high-resolution spectra (Figure S2) the ZnO NR presents the 
highest amount of lattice-oxygen, revealing a clear crystalline structure of the surface. 

Figure 2: XPS characterisation of the catalyst powders’ surface A.) Survey spectra of 
all the ZnO-based materials, B.) High-Resolution spectra for Zn2p3 of all the ZnO-
based materials.

ECR performance in Flow-Cell 

To evaluate the catalytic performance of ZnO with different morphologies, we first 
used a flow cell reactor and an alkaline catholyte and anolyte. Carbon monoxide (CO) 
Faradaic efficiency (FECO) and partial current density (JCO) were measured in the 
potential range of –0.4 to –1.2 V vs. RHE. For comparison, the performance of 
commercial silver nanoparticles (Ag NPs), which have been demonstrated as excellent 
catalysts for CO2 reduction to CO, was also evaluated in similar testing conditions. 

All ZnO samples show good CO selectivity at applied potential range of -0.4 to -0.8 V 
vs RHE, exhibiting FECO of around 80% (Figure 3A). At more negative applied 
potentials of -1 and -1.2 V vs RHE, the Zn NR and NS show the highest FECO of 90 %, 
which are comparable to the performance of Ag NPs. Interestingly, ZnO NR shows the 
highest JCO among all allotropes and at all tested applied potentials (Figure 3B). At an 
applied potential of -1.2 V, ZnO NR exhibits a JCO of -150mA cm-2, while maintaining 
a good FECO of 83%, which is a most promising result compared to the performance 
recorded for ZnO based GDEs (Table S1). To further compare the intrinsic activity of 
ZnO allotropes, we measured the Tafel-Slopes for the three best ZnO morphologies 
(NR, NP, and NS). For these measurements, the dependence of JCO on the potentials 
were studied at very low applied potential range of –0.4 to -0.6 V vs. RHE to avoid the 
effect of mass transport. We observed similar Tafel-Slope values for the three 
allotropes, indicating similar reaction kinetics (Figure 3C). However, ZnO NR shows 
the highest current exchange density of 8mA cm-2, implying its highest intrinsic activity 
and lower onset potential among the allotropes for the ECR. 45

To understand the effect of the morphologies on ECR performance of ZnO allotropes, 
we measured the electrochemical surface area (ECSA) of the samples, after GDE 
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activation. Among the allotropes, the NR exhibits the highest value of Cdl and hence 
ECSA (Figure 3D). The ECSA characterisation for other allotropes follows the 
performance-trend observed in the polarization curves (Figure 3B): samples with the 
higher ECSA exhibit higher JCO.  

We performed Potentiostatic Impedance Spectroscopy (PEIS) measurement to study 
the charge transfer resistance (Rct) induced by different ZnO allotropes (Figure S3). The 
ZnO-nanorod present the lowest Rct and overall resistivity towards the ECR, indicating 
a more favourable mass-transfer kinetics over the GDE, and a higher ECR activity of 
this allotrope. This result can be associated with the more active sites available on the 
nanorods, in an agreement with the tendency exhibited by the rest of the 
electrochemical characterisations.

For ECR in the gas phase, GDE hydrophobicity can affect CO2 and water transport and 
thus catalytic performance. The hydrophobicity of GDE from different ZnO allotropes 
was characterized by measuring the contact angles (Figure S4). The nanorod GDE 
exhibits a sharp increase in its inherent hydrophobicity and shows the most significant 
contact angles compared to the other ZnO GDEs. This property can be attributed to the 
different ionomer distribution in the allotropes due to the different ECSA of each GDE. 
Furthermore, this behaviour can also be related to the different morphology itself, as 
this is a feature that alone can affect the wettability under static conditions. 46,47 
Increased hydrophobicity in the catalyst layer has been shown to increase the ECR in 
flow cell systems by balancing the gas/liquid microenvironment in the catalyst layer. 48  

The physical and chemical changes of the ZnO catalyst during ECR were characterized 
after the ECR reaction at -160 mA cm-2, for 10 hours. The post-mortem XRD spectra 
of ZnO NR after continuous operation show a much lower intensity of ZnO peaks 
compared to pristine ZnO (Figure S5).  Additional peaks attributed to metallic-Zn and 
Zn(OH)2 are observed indicating the reduction of ZnO to metallic Zn during ECR. The 
presence of Zn(OH)2 could be attributed to the oxidation of metallic Zn to the 
electrolyte (KOH) after the reaction. The morphology of the ZnO allotropes changed 
significantly after the ECR reaction (Figure S6 A-C). This is attributed to simultaneous 
reduction of ZnO to Zn during the ECR reaction, resulting in of the change in 
morphology. 49 The changes observed in the morphology directly affected the measured 
hydrophobicity of the GDEs after the ECR conditions (Figure S6E). The ZnO- NR GDE 
still exhibits the highest contact angle (and thus the highest hydrophobicity), although 
it decreased compared to its original value. The NP - and NS -ZnO-GDEs exhibit even 
lower contact angle values after ECR. The NP - and NS -ZnO-GDEs exhibit even lower 
contact angle values after ECR. The conversion of the oxide phase to a metallic phase 
is a non-Faradaic process that has been shown to be responsible for the change in 
catalyst surface area. 50,51. Although the catalyst morphology changes during ECR, the 
ZnO- NR catalyst undergoes changes that tend to maintain a uniform catalyst layer that 
retains its hydrophobic properties to some extent (Figure S6E).
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9

Figure 3: ECR performance of the different ZnO-based GDEs in flow-cell and 
electrochemical characterisation. A.) Selectivity of the GDEs towards CO (FECO) in the 
potential window operated in the flow-cell, B.) Partial current density (jCO) of the 
catalyst loaded GDEs in the flow-cell, C.) Tafel-Slopes of the catalyst loaded GDEs, 
measured in the flow-cell set-up, D.) The Cdl of the different catalyst loaded GDEs, 
measured in H-cell using 0.1 M NaClO4 (Ar saturated).

ECR performance in MEA cell configuration

MEA electrolyzers have proven to be a promising platform for ECR technology 
because they reduce ohmic losses and provide high energy efficiency. The cell 
architecture enables realistic operating conditions that are closer to a commercial 
application. To evaluate the performance of ZnO allotropes in the MEA cell 
configuration, we constructed the MEA from ZnO GDEs, an ion exchange membrane 
and an IrOx/Ti felt as anode. The FECO was measured in a wide current density range 
of 30-200 mA cm-2 of the three allotropes that exhibited the best performance (NP, NS, 
and NR) in the flow cell configuration. Figure 4 summarises the product distribution 
and performance of each catalyst as recorded in the MEA configuration. All three ZnO-
based catalysts exhibited FECO above 80% in the current density range of 30-150 mA 
cm-2 (Figure 4 A-C). At higher current densities, an increase in FE for hydrogen was 

Page 9 of 22

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

observed on NS and NP (Figure 4A and 4C), while NR exhibits FEs for H2 below 20% 
(Figure 4B). As a result, ZnO NR maintains FECO above 80% at all tested current 
densities. The polarisation curves of the catalysts (Figure 4D) indicate that the ZnO NR 
also exhibits the lowest cell voltages at all current densities, further confirming its 
highest catalytic activity among the allotropes (Figure 4D). Due to its higher FECO and 
lower cell voltage, ZnO NR shows the highest CO energy conversion (Figure S7). It 
should be noted that ZnO NR also outperforms Ag NPs in terms of JCO and CO energy 
efficiency in MEA cell configuration (Figure S7 and S8). Zn-based catalysts have rarely 
been used in a MEA system. Nevertheless, this material shows  comparable 
performance to those of single-atom catalysts (SACs) as non-noble- metal alternatives. 
52,53

Figure 4: ECR performance of the ZnO-based GDEs in the MEA system. A.) 
Selectivity (FECO) of the ZnO-NS GDE, B.) Selectivity (FECO) of the ZnO-NR GDE, 
C.) Selectivity (FECO) of the ZnO-NP GDE, D.) Polarization curves, in terms of partial 
current density towards CO (jCO), for the different catalyst loaded GDEs.

To investigate the stability of the catalysts in the MEA cell configuration, we applied a 
constant current density of -160 mA cm-2 and measured the change in FECO and cell 
voltage over time (Figure S8 and S9). As can be seen in Figure 5A, both NS and NP 
decrease by 50% of their initial FECO value after 10 hours of continuous reaction. In 
contrast, ZnO NR maintains its high CO of over 80% for the first 10 hours before 
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dropping to 40% after 20 hours of reaction. We performed stability test at different 
current densities and found that the catalysts are more stable at lower current densities 
(Figure 5B). This result suggests that high operating current density (i.e., high cell 
potential) induces physical and chemical changes in ZnO catalysts that lead to a 
decrease in CO selectivity. High cathodic overpotential is known to cause drastic 
depletion of ZnO, inducing its conversion into metallic Zn.28 In addition, the 
overpotential is also related to the change in the properties of the carbon black NPs in 
the catalyst layer of the GDE (change in surface properties 54 and loss of hydrophobicity 
55,56). The degradation could also be associated with these changes occurring to the 
carbon paper properties. Previous studies have demonstrated that under ECR 
conditions, the GDE’s hydrophobicity is seriously decreased and the electrolyte can 
penetrate through GDE and decreases the CO2 diffusion, leading to the reduction in CO 
selectivity. 57,58  

As discussed in the flow cell section, the ZnO catalysts undergo significant changes in 
morphology and oxidation state during ECR, due to the reduction of ZnO to metallic 
Zn, which induces the change in the morphology, including aggregation (Figure S6). 
The same phenomenon can be observed in the MEA system. The ZnO- NR GDE 
exhibited the longest inherent stability for continuous ECR operation (Figure 5A). We 
performed SEM characterizations (Figure 5C&D) to investigate how the morphology 
of ZnO- NR changes under the cathodic overpotential of ECR. The first morphological 
changes can be observed after 2 hours of operation (Figure 5C). The catalyst exhibits a 
structure similar to the original structure (Figure 1D). The longer operation time leads 
to further changes in morphology. Figure 5D shows the morphology of the catalyst 
layer after 10 hours of ECR, where the threshold of stability deterioration is recorded 
(Figure 5A). The catalyst layer exhibits a drastic change in its morphology and adopts 
a layered structure with uniform distribution. We reason that the high crystallinity and 
high ECSA of the ZnO-NR GDE are the main reasons for its high ECR stability, 
because these two factors could help slow down ZnO reduction and aggregation 
process. To prove that high ECSA is critical to ECR stability, we increased the catalyst 
loading of NR to 3 mg cm-2 and studied its stability at 160 mA cm-2 current density. 
Indeed, the GDE maintains FECO over 80% for 50 h – a five-fold improvement 
compared to GDE with 1 mg cm-2 loading (Figure 5E). 
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Figure 5: Stability and characteristics of the different ZnO-based GDEs in the MEA 
system. A.) Effect of the different morphology at the GDE stability at -160 mA cm-2, 
B.) Effect of applying different current density at the ZnO-NR GDE, C.) & D.) SEM 
images of the ZnO-NR GDE after 2 h and 10 h of continuous ECR respectively, at -160 
mA cm-2, E.) Stability of the ZnO-NR GDE at different catalyst loading, F.) Forward 
CV scans during continuous operation at -160 mA cm-2 of the ZnO-NR GDE, tracking 
the ZnO shoulder.

To better understand the changes occurring on the catalyst layer, in the MEA, we 
acquired the Cyclic-Voltammetries (CVs) of ZnO-NR GDE during the ECR in the 
MEA cell. The survey CV of the MEA detects the presence of ZnO, locating a shoulder 
peak at a voltage of 2.5 V (Figure 5F and S10), which corresponds to the reduction of 
the ZnO. 59,60 The initial CV and the CV after 3 hours of operation (when the catalyst 
is still selectivity to CO) exhibit this distinct shoulder, owning to the presence of ZnO. 
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Throughout continuous operation, the ZnO-reduction shoulder exhibits a constant 
decrease in its intensity. While this shoulder disappeared after 14 hours of reaction 
(Figure 5F). This result underlines that the reduction of ZnO phase does not only co-
exists with the ECR 61,62 but also that the ECR activity is closely related with the 
existence of the ZnO phase. 25,33, 63

Figure 6: Stability and characteristics of the ZnO-NR by applying periodical in-situ 
electro-oxidation, during the ECR at -160 mA cm-2, in the MEA system: A.) Schematic 
representation of the MEA operation strategy, B.) Recovery of the ZnO-NR GDE 
performance, by applying oxidation-CV cycles, after FE deterioration caused by 
continuous ECR operation, C.-E.) SEM images of the ZnO-NR GDE during our in-situ 
oxidation strategy in the MEA system (5 h, 40 h and 100 h respectively) F.) Long-term 
stability of the ZnO-NR GDE by applying our periodical CV oxidation strategy at 
different potential windows (CV treatment).

Inspired by the finding of the connection between the ZnO phase and GDE stability for 
ECR discussed above (Figure 5B and 5F), we hypothesize that the ECR operation time 
can be extended if the ZnO phase can be maintained in the GDE. While increasing the 
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loading of catalyst can improve the catalyst stability (Figure 5E), the FE for CO would 
decrease eventually because ZnO is inevitably reduced during the ECR process, as we 
demonstrated for the 3 mg cm-2 loading sample. We sought to maintain the ZnO phase 
during ECR, by employing an in-situ oxidation strategy in which the catalysts are 
periodically oxidized electrochemically (strategy illustrated in Figure 6A). This 
strategy was demonstrated previously on Cu catalysts for ECR to ethylene in a flow 
cell reactor.63,64  To test this concept, we first run ECR continuously at -160 mA cm-2 
until the FE decreased from 83% to 40% (Figure 6B). Next, we performed two CVs in 
the potential range of -2 to 0.5 V (Figure S10), in order to attempt to reconstruct the 
ZnO phase and recover the FECO. The potential window was chosen in order to ensure 
the oxidation of the formed metallic Zn (ZnO phase formation) 60,65, while avoiding 
negative potentials that would favour the ECR. After the two CVs (CV/cycle), we run 
the reaction for 20 min at the same current density (160 mA cm-2) and found that the 
FECO was recovered, increasing from 40% to 65%. The FECO was further improved by 
repeating the CVs step, reaching 78% after 5 repeating cycles (each cycle consists of 2 
CVs and 20 min of reaction at -160 mA cm-2). 

Having discovered that FECO can be recovered with in-situ oxidation CVs, we sought 
to establish operational protocols that involve one oxidating CV cycle followed by 1 h 
of continuous operation at -160 mA cm-2. The CV potential window was adjusted to 
extend the operational time. When the oxidation window is -2 to 0.5 (CV1), FECO can 
be maintained for over 40 h. Further increase the potential window to -2 and 1 V (CV2) 
to increase oxidation current (Figure S11), the FECO was stable at over 80% for at least 
100 h- an order of magnitude longer than that of continuous operation without in-situ 
oxidation step (Figure 6F). The SEM characterizations of the ZnO-NR GDE (Figure 
6C-E) reveal the structural changes on the catalyst layer, during in-situ oxidation 
strategy. The ZnO-NR GDE can maintain its nanorod structure for the first few hours 
of reaction (Figure 6C) with in-situ regeneration strategy. For longer reaction time, a 
uniform nano-layered structure is formed (Figure 6D and E). Our in-situ approach has 
a direct impact on the catalyst structure, promoting a uniform distribution of the active 
Zn/ZnO phase and high surface area. Our strategy enables our system to exhibit stability 
for more than 100 h. Our results show that stable ECR can be achieved by balancing 
the oxidation and reduction conditions. The latest is associated with preserving both the 
existence and a high surface area, of the ECR-active Zn/ZnO interface. The oxidation 
step recovers the ZnO phase, which is present for more than 100 hours, during the long-
term ECR reaction, by applying the periodical oxidation strategy (Figure S5 and S11).  

Conclusions
We studied the catalytic performance of ZnO catalysts, synthesized by employing facile 
wet-chemical techniques in ECR using both flow cell and MEA reactors. ZnO catalysts 
with different morphologies show relatively high FECO of over 80% at current densities 
below 150 mA cm-2. Among the allotropes studied, ZnO NR shows the highest FECO 
(over 80%) in both flow and MEA cells at a high current density range of 150-200 mA 
cm-2. ZnO NR also shows the highest stability, maintaining a FECO over 80% for 10 
hours at a current density of -160 mA cm-2. We observed that the FECO of the ZnO 
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catalyst slowly decreased overtime due to the depletion of the ZnO oxide phase. For 
the first time, we have demonstrated the performance of Zn-based material in MEA and 
we also developed an in-situ regeneration strategy to maintain the oxide phase and 
extend the lifetime of ZnO catalysts. We demonstrated a stable FECO over 80% for 100 
hours at -160 mA cm-2 in the MEA cell configuration. This work demonstrates the 
potential for practical application of inexpensive ZnO-based catalysts for large-scale 
ECR. 
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